1. Introduction {#sec0005}
===============

Porcine epidemic diarrhea virus (PEDV), a member of the genus *Alphacoronavirus* in the family *Coronaviridae* of the order *Nidovirales*, causes acute diarrhea, vomiting, dehydration and high mortality in neonatal piglets. The disease was reported in the European and Asian pig industries over the last 30 years, with the virus first appearing in England ([@bib0735]) and Belgium ([@bib0560]) in the late 1970s. PEDV was first reported in the US in 2013 ([@bib0655]). Within months, the virus had spread rapidly nationwide ([@bib0105]), causing significant economic losses ([@bib0285]). The disease, porcine epidemic diarrhea (PED), in the US was caused by two different genogroups (G) of PEDV, S INDEL \[PEDV variant containing multiple deletions and insertions in the S1 subunit of the spike (S) protein, G1b\] and non-S INDEL (G2b) strains ([@bib0395]; [@bib0695]).

The family *Coronaviridae* is composed of four genera: *Alphacoronavirus, Betacoronavirus, Gammacoronavirus,* and *Deltacoronavirus* ([@bib0730]). The alphacoronavirus transmissible gastroenteritis virus (TGEV), which is clinically similar to PEDV, was first described in the US in 1946 ([@bib0575]). Since the emergence of porcine respiratory coronavirus (PRCV) in 1984, a natural mutant of TGEV with deletions in the spike protein, TGEV infections have decreased ([@bib0575]). A new deltacoronavirus, porcine deltacoronavirus (PDCoV), which is clinically similar to PEDV and TGEV, was detected in diarrheic US pigs in 2014 ([@bib0710]). In China in 2016--2017, another new alphacoronavirus (bat HKU2-like), genetically distinct but clinically similar to the others, was identified in diarrheic pigs and was designated swine acute diarrhea syndrome coronavirus (SADS-CoV) ([@bib0210]; [@bib0550]; [@bib0790]). Clinical signs caused by these four porcine enteric coronaviruses are indistinguishable. Therefore, differential diagnosis is critical to control viral epidemic diarrheas in pigs. This review focuses on updating the current understanding of the etiology, transmission, pathogenesis, and prevention and control of PEDV infection.

2. Etiology {#sec0010}
===========

2.1. PEDV structure and genomic organization {#sec0015}
--------------------------------------------

PEDV is enveloped, pleomorphic and 95--190 nm in diameter, including the projections, which are approximately 18 nm in length ([@bib0560]). Details of the viral structure and genome, epidemiology, evolution, and replication of PEDV are described by Thiel and colleagues in another review in this current special issue. PEDV has a single-stranded positive-sense RNA genome of approximately 28 kb in size (excluding the poly A-tail) that encodes four structural proteins, namely, S, envelope (E), membrane (M) and nucleocapsid (N) proteins, sixteen nonstructural proteins (nsp1-nsp16) and an accessory protein ORF3 ([@bib0350]). Many nonstructural and structural proteins inhibited type I and III interferon responses (IFNs) *in vitro* ([@bib0240]; [@bib0360]; [@bib0765]; [@bib0755]). The S protein is critical for interactions with the specific host cell receptor to mediate viral binding and entry and the formation of syncytia, and for inducing neutralizing antibodies ([@bib0450]). The S protein is divided into S1 \[amino acids (aa) 1--726 based on PEDV CV777\] and S2 (aa 727--1386) subunits. The N-terminal S1 subunit contains the receptor binding domain and the C-terminal S2 subunit is responsible for membrane fusion ([@bib0420]). The accessory protein ORF3 is an ion channel protein and is dispensable for virus replication *in vitro* ([@bib0700]).

2.2. Emergence of non-S INDEL (G2b) and S INDEL (G1b) PEDV strains in the US {#sec0020}
----------------------------------------------------------------------------

The US G2b non-S INDEL and G1b S INDEL strains were first detected in April--May 2013 and January 2014, respectively ([@bib0260]; [@bib0655]; [@bib0715]). The US G2b strains were genetically closest to PEDV strains that emerged in China in 2010 ([@bib0080]; [@bib0260]; [@bib0695]; [@bib0715]). The G2b non-S INDEL PEDV strains that emerged in China in 2010 caused large PED outbreaks ([@bib0395]; [@bib0565]) and was highly virulent ([@bib0450]; [@bib0655]; [@bib0705]). In China, the S INDEL PEDV strains were detected in 2011 ([@bib0415]), probably resulting from recombination events between the G1a CV777-lineage classical and the G2 strains of PEDV ([@bib0395]).

2.3. Serological cross-reactivity and cross-neutralization between non-S INDEL (G2b) and classical PEDV (G1a) or S INDEL (G1b) PEDV strains in vitro {#sec0025}
----------------------------------------------------------------------------------------------------------------------------------------------------

Researchers evaluated cross-reactivity or cross-neutralization between G2b non-S INDEL and G1b S INDEL PEDV using convalescent sera from pigs infected with each strain in immunofluorescent assays (IFA) or cell culture IF (CCIF) assays and virus neutralization (VN) tests *in vitro* ([@bib0095]; [@bib0445]). The IFA or CCIF PEDV antibody titers of the two convalescent sera against both PEDV strains were similar by the assays using S INDEL PEDV antigen, but the titers differed slightly (higher antibody titers against non-S INDEL than for S INDEL strain) when using non-S INDEL PEDV antigen ([@bib0095]), confirming the serological cross-reactivity of G2b non-S INDEL and G1b S INDEL PEDV. Despite the nucleotide and amino acid differences in their S gene ([@bib0590]), there was cross-neutralization of G2b non-S INDEL and G1b S INDEL PEDV *in vitro* ([@bib0095]; [@bib0445]). There was also a varying but moderate degree of cross-reactivity and cross-neutralization between the two strains and the G1a classical CV777 PEDV strain ([@bib0445]). However, there were 4- to 16-fold differences in the CCIF and VN antibody titers of pig antisera between either of the two strains and G1a CV777 ([@bib0445]).

2.4. Cross-protection between non-S INDEL (G2b) and S INDEL (G1b) PEDV in vivo {#sec0030}
------------------------------------------------------------------------------

One study reported that four sows exposed *via* feedback to a G1b S INDEL PEDV at approximately seven months pre-farrowing and then re-exposed to a G2b non-S INDEL PEDV at day 109 of gestation provided long-term (7 months), passive immune protection of piglets against challenge with the same G2b non-S INDEL PEDV ([@bib0205]). There was 0% mortality rate of piglets (with 57 % reduced incidence of diarrhea), compared with mean 33 % mortality and 100 % morbidity rates of piglets born to non-immunized sows. However, another study revealed that more than 80 % of the piglets inoculated orally with a G1b S INDEL PEDV (Iowa106 strain) at 3−4 days of age had diarrhea after challenging with a G2b non-S INDEL PEDV at 24 days of age, whereas none of the piglets inoculated previously and then challenged with the same non-S INDEL PEDV showed diarrhea ([@bib0020]; [@bib0440]).

2.5. Serological properties and cross-reactivity of PEDV with other swine or animal coronaviruses {#sec0035}
-------------------------------------------------------------------------------------------------

Antigenic cross-reactivity or cross-neutralization between PEDV and feline infectious peritonitis virus (FIPV) was detected by enzyme linked immunosorbent assay (ELISA), immunoblotting and immune-precipitation ([@bib0785]), or VN tests ([@bib0780]). Despite no serological cross-neutralization detected between PEDV and TGEV ([@bib0230]; [@bib0560]), investigators found some antigenic cross-activity between PEDV and TGEV (Miller, but not Purdue strain) based on at least two conserved epitopes on the N-terminal region of their N proteins, as well as *via* their M proteins or whole virus particles ([@bib0200]; [@bib0445]; [@bib0745]). Truncation of the N-terminal region of the N protein or avoidance of M- or purified whole virus-based serologic tests may eliminate PEDV and TGEV shared epitope(s) or reduce the possible cross-reactivity for serologic assays ([@bib0200]; [@bib0745]). Polyclonal hyperimmune antisera against PDCoV did not cross-react with PEDV ([@bib0315]). Among N, M and E proteins and whole PEDV particles, only the M protein of PEDV showed cross-reactivity in 1/12 convalescent sera from PDCoV-infected pigs ([@bib0200]). However, one study reported antigenic cross-reactivity between US PDCoV and PEDV strains, possibly due to at least one shared epitope in the N-terminal region of their N proteins ([@bib0495]). For SADS-CoV, monoclonal antibody against the N protein did not cross-react with PEDV, TGEV or PDCoV ([@bib0550]).

3. Transmission {#sec0040}
===============

3.1. Direct or indirect contact transmission {#sec0045}
--------------------------------------------

The fecal--oral route is the main means of direct transmission of PEDV *via* the feces and/or vomitus of infected pigs ([@bib0285]). Indirect contact transmission of PEDV is also frequent within and between farms, particularly, with a low biosecurity, *via* other contaminated fomites including ([@bib0285]; [@bib0345]): transport trailers ([@bib0485]), farm workers' hands, boots and clothes ([@bib0345]), feed ([@bib0065]; [@bib0150]; [@bib0595]), feed ingredients and additives, such as spray-dried porcine plasma ([@bib0555]; [@bib0570]), and feed totes used for transporting bulk feed or feed ingredients ([@bib0025]; [@bib0605]). PEDV remained infectious on tote material for 35 days at room temperature ([@bib0605]). PEDV cross-contamination also occurred during feed manufacturing ([@bib0600]).

3.2. Aerosol (indirect contact) transmission {#sec0050}
--------------------------------------------

The fecal--nasal route is another route of pig-to-pig, or farm-to-farm (up to 10 miles away) airborne transmission of PEDV *via* aerosolized PEDV particles that are infectious in nursing pigs ([@bib0005], [@bib0010]; [@bib0045]; [@bib0165]; [@bib0430]). Airborne PEDV transmission occurs within farrowing herds where newborn piglets, highly susceptible to the virus, are raised ([@bib0010]; [@bib0535]). The nasal cavity of naïve pigs housed at a distance from clinical pigs was frequently positive for PEDV RNA ([@bib0535]). Aerosolized PEDV does not infect only the intestine of pigs ([@bib0010]), but it also infects the epithelium lining the nasal cavity ([@bib0430]). [@bib0430] reported that dendritic cells in the lamina propria of the nasal mucosa or lymphoid tissue carry and transfer PEDV to CD3^+^ T cells. PEDV-loaded T cells may reach the intestine *via* unknown specialized endothelial venules during blood circulation. The virus loaded onto T cells had the capacity to infect intestinal epithelial cells *via* cell-to-cell contact and transfer infection ([@bib0430]). Compared with neonatal piglets, however, higher doses of aerosolized PEDV may be required to infect weaned and older pigs ([@bib0535]). In the study, none of aerosol contact, 28-day-old pigs (0/5 pigs) was infected, although their nasal cavities (5/5 pigs) were positive for PEDV RNA.

3.3. Variation in direct contact or aerosol transmission rates of PEDV among farms {#sec0055}
----------------------------------------------------------------------------------

The severity of PEDV infection and the disease, and the transmissibility of PEDV, depends on the overall immunity and health status of the pig population and the levels of biosecurity on farms ([@bib0565]). Nevertheless, transmissibility of PEDV *via* direct or aerosol contact also varies dependent on the PEDV genogroup. Direct contact or aerosol transmission rates were significantly higher in pigs infected with non-S INDEL PEDV compared with S INDEL-infected pigs ([@bib0165]). Gallien et al. (2018) revealed that despite the presence of aerosolized S INDEL PEDV, none of aerosol contact pigs (0/10 pigs) was infected, whereas 10/10 aerosol contact pigs were infected by non-S INDEL PEDV ([@bib0165]).

4. Disease mechanisms and pathogenesis of PEDV {#sec0060}
==============================================

4.1. Cellular receptor for PEDV {#sec0065}
-------------------------------

Porcine small intestinal villous enterocytes express aminopeptidase N (APN), a 150-kDa glycosylated transmembrane protein, which was tentatively identified as the cellular receptor for PEDV ([@bib0410]; [@bib0465]; [@bib0525]). However, porcine APN may not be the major cell surface receptor for PEDV ([@bib0275]; [@bib0425]; [@bib0610]). Concomitantly, APN knockout pigs were susceptible to infection with PEDV, but not with TGEV that uses APN as the cellular receptor ([@bib0725]; [@bib0770]). Cell membrane cholesterol or two cell surface molecules, such as sialic acids and occludin expressed on the apical surface of secretary (goblet) or absorptive enterocytes, respectively, were involved partially in binding and entry of PEDV into enterocytes ([@bib0155]; [@bib0270]; [@bib0420]; [@bib0490]). The strains of PEDV, such as cell culture-adapted *vs*. wild-type, may be a factor involved in the cellular entry *via* sialic acids ([@bib0155]; [@bib0420]). Intracytoplasmic localization of PEDV antigen in goblet cells of infected pigs and porcine intestinal enteroids *in vitro* ([@bib0290]; [@bib0435]) raises questions on whether or how goblet cells are utilized for PEDV replication, or if they only transfer PEDV to absorptive enterocytes.

4.2. Tissue tropism of PEDV in the gastrointestinal tract {#sec0070}
---------------------------------------------------------

We demonstrated the tissue tropism of PEDV to certain intestinal locations ([@bib0325]). During acute PEDV infection \[post-inoculation hour (PIH) 12--24\] in nursing pigs, PEDV initially infected mainly the mid-jejunum and ileum and to a lesser extent, the proximal and distal jejunum and duodenum ([@bib0325]) ([Fig. 1](#fig0005){ref-type="fig"} ). The pylorus was not the site of acute PEDV infection ([@bib0325]), whereas the villous enterocytes of the large intestine were frequently infected; however, infected colonic enterocytes did not undergo necrosis ([@bib0305], [@bib0300]). Unlike colonic enterocytes, PEDV-infected small intestinal villous enterocytes undergo acute necrosis and exfoliation from the lamina propria, leading to marked villous atrophy or fusion in the small intestine ([@bib0325], [@bib0300]). Like TGEV ([@bib0335]) and PDCoV ([@bib0320]), PEDV may not induce apoptotic death of intestinal villous enterocytes *in vivo* ([@bib0285]). However, PEDV-infected Vero cells *in vitro* underwent apoptosis ([@bib0330]).Fig. 1Immunohistochemical detection and distribution of PEDV antigen-positive cells in the proximal jejunum, mid-jejunum, or distal jejunum of a gnotobiotic 9-day-old pig inoculated with the original US non-S INDEL PEDV strain PC21A. The pig exhibited vomiting (but no diarrhea) at post-inoculation hour (PIH) 16 and was euthanized. (A) Proximal jejunum distant by 15 cm from the pylorus, showing low numbers of PEDV antigen-positive cells (red color) in the villus-crypt interface (arrows). (B) Proximal jejunum distant by 30 cm from the pylorus, showing high numbers of PEDV antigen-positive cells (red color) in most of the villous epithelium. (C) Mid-jejunum \[mid-location of the small intestine (duodenum to ileum)\], showing extremely high numbers of PEDV antigen-positive cells (dark red color) in most of the epithelium of mildly atrophied villi. (D) Distal jejunum, showing moderate numbers of PEDV antigen-positive cells (red color) in the villus-crypt interface. Original magnification, all ×40. Fast Red, Gill's hematoxylin counterstain.Fig. 1

4.3. Cellular tropism of PEDV to the intestinal villus-crypt interface during acute infection {#sec0075}
---------------------------------------------------------------------------------------------

During acute PEDV infection (PIH 12--24) of nursing pigs, early localization of PEDV antigen was evident in the villous-crypt interface of the small intestine, rather than the villous tips ([@bib0325]) ([Fig. 1](#fig0005){ref-type="fig"}). Immature enterocytes were the major site of initial PEDV infection, although the exact reason remains obscure ([@bib0325]). The PEDV antigen-positive regions subsequently expanded to the upper and then the entire villous epithelium of the jejunum to ileum (\<24 h after oral inoculation) ([@bib0325]). The villous-crypt interface is close to blood vessels in the submucosa. Although PEDV-related viremia might be a result of diffusion of replicated PEDV from the acutely infected intestine to blood ([@bib0325]), further studies are needed to investigate whether PEDV or PEDV-loaded CD3 + T cells circulating in blood reach and infect the villous-crypt interface or other villous regions, and other types of cells of extra-intestinal origin ([@bib0325]; [@bib0430]).

4.4. Interactions of PEDV with other cells besides villous epithelial cells {#sec0080}
---------------------------------------------------------------------------

PEDV antigens were also frequently detected in the intestinal crypt cells or antigen presenting cells, such as macrophages, in the lamina propria or Peyer\'s patches ([@bib0145]; [@bib0300]; [@bib0440]; [@bib0505]; [@bib0655]; [@bib0665]). PEDV remains infectious in dendritic cells for \<24 h *in vitro* ([@bib0180]), but dendritic cells may not be a site of PEDV replication ([@bib0720]). Instead, PEDV appeared to employ dendritic cells to cross the epithelial barrier of the nasal cavity ([@bib0430]). Lung tissues of oronasally infected pigs were negative for PEDV antigen ([@bib0145]; [@bib0300]; [@bib0655]; [@bib0665]). However, the upper respiratory tract may be the site of PEDV infection, because the epithelium lining the nasal cavity was positive for PEDV antigens ([@bib0430]). Although acute viremia was frequently noted in infected pigs during the acute or incubation stage of infection ([@bib0325], [@bib0300]; [@bib0505]), PEDV antigens were not detected in other major organs, such as liver and kidneys ([@bib0145]; [@bib0300]; [@bib0655]; [@bib0665]). The reproductive organs of experimentally infected boars, such as Cowpers's glands, were also negative for PEDV RNA, but their semen was transiently positive for PEDV RNA ([@bib0170], [@bib0175]). Nevertheless, whether the PEDV RNA-positive semen contained infectious viral particles is unclear.

4.5. Intestinal replication of PEDV during disease progression {#sec0085}
--------------------------------------------------------------

During the incubation period (\<PIH 16) in nursing pigs, a few to 50 % of the villous epithelial cells positive for PEDV antigen were seen in the villous-crypt interface and upper villous epithelium of the small intestine ([@bib0145];[@bib0325]). During this period, infected enterocytes underwent necrosis, but complete villous atrophy was not observed ([@bib0325]). When clinical signs were first seen (PIH 16--24), moderate to large numbers of infected villous epithelial cells were observed throughout the small intestine ([@bib0145]). During this period, up to 100 % of the epithelial cells were positive for PEDV antigen in the mid-jejunum to ileum where moderate to severe villous atrophy was observed ([@bib0325]). During the middle \[post-inoculation day (PID) 1--3\] to late (PID 4−5) stages of PEDV infection of nursing pigs (5--9-day-old), regardless of the locations (except for the duodenum with milder villous atrophy), all small intestinal segments exhibited similar, extensive villous atrophy (mean 1−2 intestinal villous height to crypt depth ratios, compared with 5--9 of uninfected pigs) ([@bib0090]; [@bib0305]). During this period, large numbers of PEDV-infected epithelial cells could still be observed ([@bib0145]).

4.6. Pathophysiology {#sec0090}
--------------------

Diarrhea induced by PEDV is a consequence of malabsorption and maldigestion due to massive loss and functional disorders of infected enterocytes, followed by decreased brush border membrane-bound digestive enzymes ([@bib0110]; [@bib0295]). Dehydration is exacerbated by vomiting and decreased appetite ([@bib0285]). Serotonin is involved in induction of vomiting, and increased pro-inflammatory cytokine responses in part led to decreased appetite ([@bib0325]). PEDV-infected piglets also showed hyperkalemia and acidosis due to the loss of bicarbonate ([@bib0285]). The cardiac contractility is impaired by acidosis and dehydration. In the small intestine of clinically infected pigs, the tight or adherens junctions of the villous enterocytes were destroyed ([@bib0310]). Expression of the junction proteins, such as zonula occludin-1, was also decreased or altered, followed by decreased transepithelial resistance ([@bib0125]; [@bib0310]; [@bib0490]; [@bib0795]). During the clinical period, there were remarkably reduced numbers of goblet cells in the small intestine ([@bib0290]), followed by decreased amounts of mucins ([@bib0125]; [@bib0290]). The damaged gut integrity may lead to uptake of luminal food and bacteria causing allergic reactions and co-infections. The impaired gut integrity or digestive function usually recovered by the second week after infection in survived pigs ([@bib0125]).

4.7. Onset of diarrhea, fecal virus shedding and peak viral titers {#sec0095}
------------------------------------------------------------------

In infected gnotobiotic or conventional nursing piglets (1−10-day-old), a few (\<5%) to all of the inoculated pigs began to show diarrhea at PID 1, which mostly coincided with or was detected several hours later than the first detection of viral RNA in serum or feces ([@bib0090]; [@bib0185]; [@bib0305], [@bib0325]; [@bib0475]; [@bib0505]; [@bib0685]). Fecal viral RNA titers shed peaked by PID 1, or occasionally, 1--3 days later, and the titers decreased remarkably during the middle to late stages of infection and then titers remained low (with at least one more recurrent peak, possibly due to PED re-infection of regenerating enterocytes) during the recovery stage of infection ([@bib0090]; [@bib0305]; [@bib0440]; [@bib0505]). A one-three-day delay in onset of diarrhea was observed in nursing pigs inoculated with S INDEL PEDV compared with the non-S INDEL counterparts ([@bib0165]; [@bib0440]), indicating a longer incubation time for S INDEL PEDV. In infected conventional weaned to feeder pigs (21−56-day-old), a few (\<5%) to all of the inoculated pigs began to show diarrhea at PID 1--4, which coincided with or was detected 1−2 days later than the first detection of viral RNA in feces ([@bib0165]; [@bib0185]; [@bib0305]; [@bib0480]; [@bib0500]; [@bib0535]; [@bib0685]) ([Table 1](#tbl0005){ref-type="table"} ). Fecal viral RNA titers shed peaked by 1--3 days after diarrhea was first detected ([@bib0165]; [@bib0305]; [@bib0480]; [@bib0500]; [@bib0535]; [@bib0685]). Detailed data from boars or sows are summarized in [Table 1](#tbl0005){ref-type="table"}.Table 1Summary of clinical signs and fecal viral RNA shedding in conventional weaned and feeder pigs, and boars and sows experimentally infected with different genogroups of porcine epidemic diarrhea virus (PEDV) strains *via* oral inoculation, or direct or indirect aerosol contact.Table 1PigAge (days or years) at inoculation or exposurePEDV strain and inoculum doseInfection or exposure routeOnset of diarrhea (PID)[\*](#tblfn0005){ref-type="table-fn"}Duration of diarrhea (PID)Onset of fecal viral RNA shedding (PID)Duration of fecal viral RNA sheddingPeak viral RNA titers in feces or rectal swab fluidsReferenceWeaned21 daysUS non-S INDEL, USA/Iowa/18984/2013, 1 mL of 1 × 10^3^ PFU/mL[\*](#tblfn0005){ref-type="table-fn"}OralPID 2 in 8/32 pigs (25 %)PID 2−7PID 1Up to PID 244 × 10^4^ PFU/mL at PID 4[@bib0500]Weaned21 daysUS non-S INDEL, USA/IN19338/2013, 10 mL of 5.6, 56, or 560 TCID~50~/mL[\*](#tblfn0005){ref-type="table-fn"}OralPID 2 in 1/6 pigs (16.7 %)PID 2−7PID 2Up to PID 21Approximately 5−7.5 log~10~ RNA copies/mL at PID 5−6[@bib0685]Weaned28 daysUS non-S INDEL, USA/2014/Iowa, jejunal homogenate from infected pigs, 5 mL of 10^8^ RNA copies/mLOralPID 1 (2/2; 100 %)NR[¶](#tblfn0010){ref-type="table-fn"} (but with sporadic vomiting at PID 1−31 and lethargy at PID 2)PID 1Up to PID 2111.5 log~10~ RNA copies/mL at PID 2−3[@bib0165]Direct contactPID 2 (6/8; 75 %)PID 1−2Up to PID 4211.1−11.4 log~10~ RNA copies/mL at PID 2−5Indirect aerosol contactPID 2 (8/10; 80 %)NR (but with sporadic vomiting at PID 11−46)PID 2Up to PID 4910.5−12.2 log~10~ RNA copies/mL at PID 2−6European S INDEL, FR/001/2014, jejunal homogenate from infected pigs, 5 mL of 10^8^ RNA copies/mLOralPID 4PID 4−25 (with sporadic vomiting and lethargy)PID 2Up to PID 219.7−10.2 log~10~ RNA copies/mL at PID 4−6Direct contactPID 4PID 4−14Up to PID 496.6−9.3 log~10~ RNA copies/mL at PID 6−21Indirect aerosol contactNo clinical signs in 10 pigs (0/10)No clinical signsNo fecal sheddingNo fecal sheddingNo fecal sheddingWeaned to feeder28 daysUS non-S INDEL, USA/KS/2013, 5 mL of 1.42 × 10^5^ TCID~50~/mLOralPID 3PID 3−8PID 2Up to PID 28 (1/12 pigs)Titers not determined, but lowest Ct values in fecal and nasal swabs at PID 5−6[@bib0535]Direct contactPID 3PID 3−8PID 3 (with nasal shedding at PID 2)Up to PID 21 (2/5 pigs)Indirect aerosol contactNo clinical signs in 5 pigs (0/5)No clinical signsNo fecal sheddingNo fecal sheddingNo fecal sheddingWeaned to feeder35 days (5 weeks)US non-S INDEL, jejunal homogenate from a pig in IowaOralPID 4NRPID 1−2Up to PID 18Titers not determined, but lowest Ct values at PID 2−6[@bib0480]European, classical S INDEL, cell culture-grown Br1/87, 2 mL of 1 × 10^6.8^ TCID~50~/mLOralPID 4NRPID 2−3Up to PID 18Titers not determined, but lowest Ct values at PID 3−8Feeder *vs*. nursing56 days (8 weeks) *vs*. 10 daysUS non-S INDEL, USA/Colorado/2013, 10 mL of 9 × 10^4^ PFU/mLOral in feeder pigsPID 2 in 3 of 40 pigs (7.5 %)NRPID 1 in 9 of 48 pigs (18.7 %)At least up to PID 14 in 9/20 pigs (45.0 %)NR[@bib0185]Oral in nursing pigsPID 1 in 2 of 43 pigs (4.6 %)NRPID 1 in 8 of 43 pigs (18.6 %)At least up to PID 14 in 20/33 pigs (60.6%)NRBoars1.5−2.5 yearsUS non-S INDEL, USA/2014/Iowa, jejunal homogenate from infected pigs, 5 mLOralPID 2PID 2−5 and PID 25−28 (with vomiting at PID 2 and 11)PID 2Up to PID 21−286.8 × 10^8^ to 5.7 × 10^9^ RNA copies/mL at PID 3−4[@bib0170]SowsMultiparous sowsEuropean S INDEL, German cell culture-grown strain, 6 mL of 3.16 × 10^5^ TCID~50~/mLOralNo diarrheaNo diarrhea (but with slight depression in 2/2 sows for 4 days)PID 4−5Up to PID 10−14NR[@bib0405]European S INDEL, jejunal homogenate from a German pigOralPID 1 (with vomiting)NRPID 4Up to PID 12−13NRGiltsPregnant gilts[§](#tblfn0015){ref-type="table-fn"}US non-S INDEL, PC22A, 1 × 10^5^ PFU/pigOralPID 2−4PID 2−6PID 2−4At least up to PID 14Approximately 8.5−10.0 log~10~ RNA copies/mL at PID 4−6[@bib0375][^1][^2][^3][^4]

4.8. Duration of diarrhea and fecal virus shedding {#sec0100}
--------------------------------------------------

Duration of diarrhea in infected nursing pigs varied from 2 to 8 days, with a higher variability for the US S INDEL strain (2−7 days) compared with the US non-S INDEL (7--8 days) ([@bib0440]). Prolonged fecal viral RNA shedding (at least PID 14) was evident in 20/33 (61 %) US non-S INDEL PEDV-infected nursing (10-day-old) pigs ([@bib0185]) ([Table 1](#tbl0005){ref-type="table"}). Diarrhea in weaned to feeder pigs (21−56-day-old) inoculated orally with US non-S INDEL PEDV was observed for approximately 6 days ([@bib0500]; [@bib0535]; [@bib0685]). Prolonged fecal viral RNA shedding was evident in non-S INDEL or S INDEL PEDV-infected weaned or feeder pigs for 15--26 days ([@bib0165]; [@bib0480]; [@bib0500]; [@bib0535]; [@bib0685]). Duration of fecal shedding was similar between non-S INDEL- (15--26 days) ([@bib0165]; [@bib0480]; [@bib0500]; [@bib0535]; [@bib0685]) and S INDEL-infected weaned or feeder pigs (15--18 days) ([@bib0165]; [@bib0480]). Longer fecal viral RNA shedding was observed in weaned pigs infected *via* direct contact (42−46 days) or aerosol contact (48 days) compared with the orally infected counterparts (18-21 days) ([@bib0115]; [@bib0165]). However, infectious PEDV was shed in feces only for the initial 2 weeks tested using sentinel naïve pigs ([@bib0115]).

4.9. Higher susceptibility of neonatal pigs to non-S INDEL PEDV infection compared with older pigs {#sec0105}
--------------------------------------------------------------------------------------------------

The minimum infectious dose \[0.56 median tissue culture infectious dose (TCID~50~)\] of non-S INDEL PEDV required to infect 5-day-old nursing pigs was lower than for 3-week-old weaned pigs (56 TCID~50~) ([@bib0685]). Similarly, 3 plaque-forming unit (PFU)/pig of the non-S INDEL PC22A strain caused diarrhea in 100 % of 4-day-old Cesarean-derived, colostrum-deprived (CDCD) piglets ([@bib0475]). Compared with nursing pigs that began to show diarrhea, villous atrophy, and fecal virus shedding at PID 1, a longer incubation time of non-S INDEL PEDV was required for weaned pigs to show fecal virus shedding (1 more day), or diarrhea and lesions (2 more days) ([@bib0305]). One factor contributing to the higher susceptibility of nursing pigs to non-S INDEL PEDV infection is immaturity of gut innate immunity, as evident by a functional defect in natural killer cells in the ileum and blood ([@bib0015]). The lack of diversity and decreased Firmicutes to Bacteroidetes ratio in the gut microbiota of neonatal piglets contributed to the immature gut innate immunity ([@bib0775]). Compared with grower pigs (gastric pH 2−3), neonatal pigs have a higher gastric pH (4−6) that allows PEDV to survive in the stomach ([@bib0510]).

4.10. Lower vulnerability of older pigs to PED compared with neonatal pigs {#sec0110}
--------------------------------------------------------------------------

Compared with nursing pigs, several factors that influence a shorter recovery of weaned pigs from PED include: 1) the faster regeneration of enterocytes in weaned pigs compared with nursing pigs ([@bib0520]); and 2) the anatomically and physiologically fully developed large intestine of weaned pigs where water reabsorption is greater ([@bib0305]). There was a lack of LGR5 (leucine-rich repeat-containing G protein-coupled receptor 5, marker for crypt stem cells)-positive crypt base columnar cells (LGR5+ cells) and low proliferation of crypt cells in the small intestine of naïve nursing piglets (9-day-old), causing the slower turnover of enterocytes ([@bib0305]). Unlike nursing pigs, naïve weaned pigs (3-week-old) exhibited high proliferation of intestinal crypt cells and large numbers of LGR5+ cells in the crypts, leading to the higher turnover rate of enterocytes ([@bib0305]). After PEDV infection, large numbers of LGR5+ cells and high proliferation of crypt cells were maintained, possibly relating to the rapid recovery from PED in weaned pigs.

4.11. Viremia {#sec0115}
-------------

Detection of viremia where viral RNA in serum ranged from 4.5 to 8.6 log~10~ genomic equivalents (GE)/mL was identified in gnotobiotic neonatal (5/5; 100 %), or conventional 9-day-old nursing (16/16; 100 %) and 26-day-old weaned pigs (11/20; 55 %) infected with a US non-S INDEL PEDV strain at PID 1−5 ([@bib0305], [@bib0300]). PEDV RNA was detected in all sera from 20 nursing pigs infected with either one of three different US non-S INDEL strains or a US S INDEL strain at PID 3 ([@bib0090]). The classical PEDV Br1/87 also induced viremia in 5/13 inoculated weaned pigs (38.5 %) at PID 2−7 ([@bib0480]). In experimentally infected nursing pigs, the frequency of viremia and serum viral RNA titers peaked at PID 1, then decreased progressively, and ceased at PID 14--21 ([@bib0090]; [@bib0305]; [@bib0540]). A significantly higher frequency of viremia in weaned pigs infected *via* direct or aerosol contact, or orally with non-S INDEL PEDV was identified, compared with the S INDEL counterparts ([@bib0165]). The role of viremia in the pathogenesis of PEDV is still obscure, although PEDV identified in the serum could be infectious ([@bib0430]; [@bib0555]; [@bib0570]).

4.12. Intestinal microbiota and PEDV infection {#sec0120}
----------------------------------------------

During the clinical period, alteration in the abundance or proportion of gut microbiota (dysbiosis) occurred in nursing pigs and their dams ([@bib0265]; [@bib0355]; [@bib0470]; [@bib0640]; [@bib0675]). The transfer of a healthy gut microbiota from infected sows to their offspring was impaired ([@bib0640]). The dysbiosis was characterized by reduced numbers of beneficial bacteria (Verrucomicrobia) and increased numbers of harmful bacteria (Fusobacterium and Proteobacteria) ([@bib0470]; [@bib0675]), followed by decreased cellular transport and catabolism ([@bib0265]). A study showed that feeding *Bacillus subtilis* to 2-week-old pigs infected with PEDV reduced intestinal pathology (but not clinical disease) ([@bib0075]). Similarly, live or cell-free supernatants of some *Lactobacillus plantarum* strains had antiviral effects against PEDV infection in Vero cells ([@bib0620]). However, this feed additive method (1/77 herds surveyed; 1.2 %) was rarely used to mitigate PED on US pig farms during the 2013--2017 epidemic ([@bib0530]).

4.13. S INDEL PEDV has lower infectivity compared with non-S INDEL PEDV {#sec0125}
-----------------------------------------------------------------------

Early studies verified high enteropathogenicity of the G1a CV777 in nursing pigs ([@bib0110]; [@bib0565]). The S1 of the S protein and the rest of the genome of the S INDEL PEDV (G1b) was genetically closest to that of G1a and the highly virulent G2 PEDV, respectively ([@bib0395]; [@bib0565]; [@bib0695]), the strain was initially thought to be virulent. However, during the initial outbreaks by S INDEL PEDV in the US and Europe, the low to zero mortality rates of pigs in the field were distinct from those of US non-S INDEL infections with up to 100 % mortality rates in nursing pigs ([@bib0055]; [@bib0205]; [@bib0655]; [@bib0715]). Nevertheless, difference in virulence of the two types of strains in the field was not often observed ([@bib0220]; [@bib0515]; [@bib0645]; [@bib0650]). A study using a wild-type strain of S INDEL PEDV reproduced as severe PED in infected sows and their piglets as that observed in the field ([@bib0405]). Other studies showed generally milder pathogenicity of S INDEL PEDV in 3−7-day-old conventional pigs, compared with non-S INDEL PEDV ([@bib0090]; [@bib0440]; [@bib0750]). However, the virulence of S INDEL PEDV was increased in the PEDV challenged suckling piglets when the mothers became sick, corresponding to poor immune, nutritional or health conditions ([@bib0440]). The mortality rates of piglets increased from 0% to 75 %, and the peak fecal PEDV RNA titers shed were also as high as those of non-S INDEL strain.

4.14. Clinical disease, fecal shedding, or lesions of pigs inoculated orally with attenuated PEDV {#sec0130}
-------------------------------------------------------------------------------------------------

The virulence of PEDV was attenuated by: 1) high cell-culture passage (93rd--160th) in the cell line of non-swine origin, Vero cells (with trypsin in the cell culture medium) ([@bib0085]; [@bib0365]; [@bib0455]; [@bib0585]; [@bib0625]); 2) modified cell culture conditions or additives for PEDV growth \[glycochenodeoxycholic acid (GCDCA) instead of trypsin\] ([@bib0340]); and 3) modified viral genes by reverse genetics ([@bib0040]; [@bib0160]; [@bib0250], [@bib0245]; [@bib0255]; [@bib0680]). In addition, PEDV variants of mild virulence, such as the S1 N-terminal domain (NTD)-Del variant, also occurred naturally ([@bib0660]; [@bib0670]; [@bib0760]). PEDV strains fully adapted to Vero cells and serially passaged at least 70 times (with trypsin or GCDCA in the cell culture medium) tended to replicate less efficiently in the intestine of pigs ([@bib0085]; [@bib0340]; [@bib0455]; [@bib0585]; [@bib0740]) ([Table 2](#tbl0010){ref-type="table"} ) and elicited low serum PEDV-specific antibody titers ([@bib0455]). Twelve-week-old pigs orally inoculated with 8.2 log~10~ TCID~50~ of G1a PEDV 83P-5 (100th passage in Vero cells) exhibited only intermittent fecal viral RNA shedding in 3 of 4 pigs ([@bib0585]). None of the 10-day-old pigs orally inoculated with 6 log~10~ TCID~50~ of G2b PEDV YN (144th passage in Vero cells) showed fecal viral RNA shedding; however, PEDV antigen was detected in the small intestine ([@bib0085]). Compared with G2b PEDV YN (144th) and PC22A (140--160th passage in Vero cells) grown with trypsin, G2b PEDV 8aa (70th--105th passage in Vero cells) grown with GCDCA and attenuated at lower cell passage numbers, caused no or little fecal viral RNA shedding in 1-day-old pigs (6 log~10~ TCID~50~/pig) ([@bib0340]). Four-day-old CDCD pigs orally inoculated with 2 log~10~ PFU of PC22A (140th--160th) showed low to moderate fecal viral RNA shedding titers, with mild villous atrophy ([@bib0455]) ([Table 2](#tbl0010){ref-type="table"}). Six-day-old conventional pigs orally inoculated with 6 log~10~ TCID~50~ of G2b PEDV CT (120th passage in Vero cells) showed mild diarrhea and moderate fecal viral RNA shedding titers, with mild villous atrophy ([@bib0740]). On the other hand, pregnant sows orally inoculated with G1a PEDV DR13 (100th passage in Vero cells) showed no clinical signs but high VN antibody levels in the colostrum ([@bib0630]). Attenuated PEDV strains (highly passaged in Vero cells) were less infectious, replicative, and immunogenic in the intestine of pigs (with mild or no clinical disease or lesions) compared with the corresponding virulent PEDV strains.Table 2Summary of *in vivo* results from conventional or caesarean-derived, colostrum-deprived (CDCD) pigs inoculated orally with attenuated porcine epidemic diarrhea virus (PEDV) strains.Table 2Strain (cell passage number)GenogroupDose per pigAge of pigs inoculatedAnimal numberMortality (%)Clinical signsFecal viral RNA sheddingGross or histologic lesionsPEDV antigen in the intestineReference83P-5 (100^th^)1a (classical S INDEL)8.2 log~10~ TCID~50~[\*](#tblfn0020){ref-type="table-fn"}12-week4NR[¶](#tblfn0025){ref-type="table-fn"}No diarrhea at PID 1−14Intermittent detection of viral RNA in the feces of 3/5 pigs at PID 3−9[\*](#tblfn0020){ref-type="table-fn"}, as tested at PID 1−14NRNR[@bib0585]YN144 (144^th^)2b (non-S INDEL)6 log~10~ TCID~50~10-day4NRNo diarrhea at PID 1−5No detection \[possibly due to no necrosis of virus-infected (antigen-positive) enterocytes, as claimed by the authors\] at PID 1 and 5No gross lesions at PID 5Low to moderate numbers of positive enterocytes lining the villous epithelium at PID 5[@bib0085]PEDV 8aa (70^th^) (with GCDCA)[§](#tblfn0030){ref-type="table-fn"}2b (non-S INDEL)6 log~10~ TCID~50~1-day150 at PID 1−14Loose stool at PID 1−2, as monitored at PID 1−14No or little viral RNA shedding at PID 1−14NRNR[@bib0340]PEDV 8aa (105^th^) (with GCDCA)[§](#tblfn0030){ref-type="table-fn"}2b (non-S INDEL)6 log~10~ TCID~50~1-day160 at PID 1−14No diarrhea at PID 1−14No or little viral RNA shedding at PID 1−14NRNRPC22A (120^th^)2b (non-S INDEL)2 log~10~ PFU[\*](#tblfn0020){ref-type="table-fn"}4-day CDCD60 at PID 1−10 or 15Mild diarrhea in 3/4 pigs (75 %) at PID 1−10 or 15High (with mean peak viral RNA shedding titer of 10.19 log~10~ GE/mL)[\*](#tblfn0020){ref-type="table-fn"}, as tested at PID 1−10 or 15Moderate villous atrophy at PID 9 (mean VH:CD ratio of 3.6 *vs*. 6.8 in the control)[\*](#tblfn0020){ref-type="table-fn"}Low numbers of positive enterocytes lining the villous epithelium at PID 9[@bib0455]PC22A (140^th^)2b (non-S INDEL)2 log~10~ PFU4-day CDCD60 at PID 1−10 or 15Loose stool in 2/4 pigs (50 %) at PID 1−10 or 15Moderate (with mean peak viral RNA shedding titer of 7.65 log~10~ GE/mL), as tested at PID 1−10 or 15Mild villous atrophy at PID 9 (mean VH:CD ratio of 5.0 *vs*. 6.8 in the control)No detection of PEDV antigen at PID 9PC22A (160^th^)2b (non-S INDEL)2 log~10~ PFU4-day CDCD70 at PID 1−10 or 15Loose stool in 2/5 pigs (40 %) at PID 1−10 or 15Low (with mean peak viral RNA shedding titer of 5.00 log~10~ GE/mL), as tested at PID 1−10 or 15Mild villous atrophy at PID 9 (mean VH:CD ratio of 5.2 *vs*. 6.8 in the control)No detection of PEDV antigen at PID 9CT (120^th^)2b (non-S INDEL)6 log~10~ TCID~50~6-day5−60 at PID 1−10Loose stool in some pigs at PID 4−5, at monitored at PID 1−10Moderate (with mean peak viral RNA shedding titer of approximate 6−7 log~10~ GE/mL at PID 4−5), as tested at PID 1−10Mild villous atrophy in a pig at PID 3No or little detection of PEDV antigen in a pig at PID 3[@bib0740][^5][^6][^7]

4.15. Innate or pro-inflammatory cytokine responses of pigs to PEDV infection {#sec0135}
-----------------------------------------------------------------------------

Despite *in vitro* observations where PEDV inhibits type I and type III IFN responses ([@bib0160]; [@bib0250]; [@bib0360]; [@bib0755]), there were increased systemic innate (IFNα and IL-22) and pro-inflammatory cytokine (TNFα, IL-6, IL-8, IL-12, and IL-17) responses in acutely infected neonatal pigs ([@bib0015]; [@bib0325]). This coincided with increased numbers of PEDV antigen-positive cells ([@bib0180]; [@bib0505]) or inflammatory cells (lymphocytes or neutrophils) in the gut-associated lymphoid tissue (GALT) ([@bib0110]; [@bib0135]; [@bib0145]; [@bib0285]), and the onset of necrosis and exfoliation of infected enterocytes ([@bib0325]). Necrosis of enterocytes is in part involved in the innate or pro-inflammatory cytokine responses in infected pigs, as also observed *in vitro* ([@bib0360]; [@bib0460]). The increased systemic innate and pro-inflammatory cytokine responses that occur during acute PEDV infection are beneficial for differentiation of naïve T cells into cytotoxic or helper T cells, leading to removal of infected cells or production of VN antibodies, respectively ([@bib0615]). However, highly increased, prolonged pro-inflammatory cytokines that can cause decreased appetite, *etc*. are also detrimental ([@bib0325]; [@bib0390]). Increased systemic IFNα and IFNγ cytokine responses were also observed in PEDV-infected gilts at PID 13--17 and PID 6--8, respectively ([@bib0380]).

4.16. Humoral immune responses of pigs to PEDV infection {#sec0140}
--------------------------------------------------------

Clinically infected pigs responded to a primary PEDV infection and seroconverted at PID 7--14 (mean PID 14) (PID 14--21 for serum PEDV-specific IgA antibodies), with peak serum PEDV-specific IgG or IgA antibody titers at PID 21 ([@bib0020]; [@bib0095]; [@bib0130],[@bib0140]; [@bib0165]; [@bib0185]; [@bib0535]; [@bib0540]; [@bib0685]). There were lower serum IgG or VN antibodies in S INDEL-infected pigs compared with the non-S INDEL counterpart ([@bib0020]; [@bib0095]). Serum VN antibodies were detected 7 days earlier than serum PEDV-specific IgG antibodies ([@bib0095]; [@bib0685]). There were low titers of PEDV-specific secretory IgA (sIgA) in the feces of PEDV-infected pigs (10-day or 8-week-old) by PID 14 ([@bib0185]). Serum PEDV-specific IgA and IgG antibodies in naturally infected sows remained high for 6 months, whereas fecal PEDV-specific sIgA antibodies disappeared 1−2 months after infection ([@bib0545]). PEDV-specific IgA or VN antibody titers of sows infected at 3 months pre-farrowing peaked in the colostrum at post-farrowing day (PFD) 1, decreased rapidly in milk by PFD 3, and then declined only gradually during PFD 4--19 ([@bib0635]). Memory B cell responses were first identified by *in vitro* secondary stimulation in mononuclear cells from PEDV CV777-infected nursing pigs at PID 21 ([@bib0130]). The number of PEDV-specific IgA antibody-positive pigs also rose from 30 % at the day of re-infection to 70 % 3 days later ([@bib0185]). Similarly, the number of PEDV-specific IgA antibody secreting cells of sows infected at 3−4 months pre-farrowing and then after re-exposure to PEDV at PFD 3--5, increased in the milk at PFD 8--14, compared with PFD 0 (colostrum) or PFD 3--5, and then peaked at PFD 15--22 ([@bib0380]). Previously infected sows showed increased VN and PEDV-specific IgG and IgA antibodies in the colostrum and milk after vaccination with an inactivated PEDV at 5 and 2 weeks pre-farrowing, whereas naïve sows showed no or little VN or PEDV-specific IgG and IgA antibody responses in the colostrum and milk after the same vaccination ([@bib0195]). Memory B cells, following PEDV infection or oral vaccination, may play a critical role in induction of rapid systemic and mucosal humoral immune responses to PEDV upon re-infection or booster vaccination.

5. Enhanced biosecurity as a preventive and control strategy {#sec0145}
============================================================

5.1. Herd and farm management {#sec0150}
-----------------------------

Enhanced biosecurity, such as decontamination and disinfection of transport trailers and other potential contaminated fomites, supply of secure feed or feed additives ([@bib0215]; [@bib0530]), and maintenance of strong hygiene measures on swine farms and farm workers ([@bib0345]), is critical to prevent direct or indirect contact transmission of PEDV. Transport trailers (19/72 herds surveyed; 26.4 %) or feed (21/72 herds surveyed; 29.2 %) were thought to be the main contaminated fomites (55.6 % in total) in US swine farms during the 2013--2017 epidemic ([@bib0530]). Spillover of PEDV from PEDV-infected farms to others or wildlife should also be controlled through high quarantine protocols that should include no movement of pigs until the diarrhea is terminated and the disease is controlled ([@bib0530]). Indeed, 28 of 287 fecal samples (9.8 %) of wild boars in South Korea (2010--2011) were positive for PEDV RNA ([@bib0400]), and 8 of 7997 serum samples (0.1 %) of US feral pigs during the 2013--2014 epidemic were PEDV-seropositive ([@bib0050]). However, the role of cross-species PEDV spillover in the maintenance and transmission of PEDV needs to be further studied.

5.2. Disinfectants for PEDV inactivation, and sanitation of contaminated trailers {#sec0155}
---------------------------------------------------------------------------------

Use of 0.5 % Virkon S and 2.06 % Clorox that reduced the quantity of PEDV RNA were the best disinfectants for PEDV inactivation in feces ([@bib0070]). Super-oxidized water (pH 6.0) also effectively inactivated PEDV at room temperature after 10−90 min contact ([@bib0100]). Washing trailers with a high pressure power washer, followed by disinfection and drying, was effective for their sanitation and decontamination ([@bib0035]; [@bib0690]). Accelerated hydrogen peroxide or peroxygen-based disinfectants effectively inactivated PEDV on contaminated metal (trailer) surfaces at 20 °C after 30 min contact ([@bib0235]) and at −10 °C after 40−60 min contact ([@bib0030]), or at -10 to 4 °C after 10−30 min contact ([@bib0035]), respectively. PEDV RNA was still detectable after disinfection, but no infectious virus was detected.

6. Immunoprophylaxis as a preventive and control strategy {#sec0160}
=========================================================

6.1. An historic overview of the gut-mammary-sIgA axis {#sec0165}
------------------------------------------------------

The levels of PEDV-specific sIgA antibody in the colostrum/milk of dams are key to determine the extent of passive immunity of their piglets against PEDV infection ([@bib0375],[@bib0380]; [@bib0370], [@bib0385]; [@bib0575]). The sIgA antibody is resistant to proteolytic enzymes and is highly efficient at neutralizing PEDV in the intestinal mucosa ([@bib0370]). In the mammary glands of female swine, however, there is an absence of lymphoid follicles for antigen processing and IgA or IgG antibody production ([Fig. 2](#fig0010){ref-type="fig"} A and B). The PEDV-specific sIgA antibodies in the colostrum and milk are produced by effector B cells or plasmablasts that migrate from the GALT of the PEDV-infected intestine to the mammary gland ([@bib0370], [@bib0385]; [@bib0575]). This is defined as the gut-mammary-sIgA axis, that was first described by Saif and Bohl in studies of immunity to TGEV \[reviewed in ([@bib0575])\]. The details were reviewed previously ([@bib0370], [@bib0385]; [@bib0575]). The endothelium in the mammary glands contains specialized endothelial venules that attract and bind to the specific integrins on the surface of the IgA-plasmablasts, such as α4β7 and chemokine receptor 9 (CCR9) ([@bib0060]; [@bib0280]; [@bib0580]). Mucosal addressin cellular adhesion molecule 1 (MAdCAM-1) and chemokine ligand 25 expressed in the specialized venules ([Fig. 2](#fig0010){ref-type="fig"}D and E) interact with α4β7 and CCR9, respectively. Extravasated sIgA antibody-secreting cells reside in the alveoli-supporting fibrous stroma of the mammary glands ([Fig. 2](#fig0010){ref-type="fig"}A--C). The number of PEDV-specific sIgA antibody-secreting cells may positively correlate with the amount and density of these endothelial surface molecules in the mammary glands ([@bib0580]), although the specific role of each surface molecule in the gut-mammary-sIgA axis needs to be better characterized.Fig. 2Histologic (A and B) and immunohistochemical (C) localization of mammary IgA-secreting cells, and expression of mucosal addressin cellular adhesion molecule 1 (MAdCAM-1) (D) and chemokine ligand 25 (CCL25) (E) by immunofluorescent (IF) staining in the mammary gland tissue of PEDV naïve gilts. (A) Hematoxylin and eosin--stained mammary gland tissue of a gilt at 4 days post-farrowing, showing fully expanded alveoli, with mostly empty lumens. (B) Higher magnification of Panel A (inset), showing clusters of plasma cells characterized by the typical peripheral nuclei in the abundant cytoplasm in the interlobular stroma. Original magnification, ×200 (A) and ×400 (B). (C) Immunohistochemistry (IHC)-stained mammary gland tissue of a gilt at 5 days post-farrowing, showing a moderate number of IgA-positive cells (dark brown) in the intralobular or interlobular stroma (arrows). Original magnification, ×200. IHC was done using a polyclonal goat antibody to pig IgA conjugated with peroxidase (Bio-RAD) and DAB substrate. (D) IF-stained mammary gland tissue of a gilt at 4 days pre-farrowing, showing moderate expression of MAdCAM-1 (green) on the endothelial cells lining the intralobular and interlobular vessels (arrows). Original magnification, ×200. (E) IF-stained mammary gland tissue of a gilt at 4 days post-farrowing, showing moderate expression of CCL25 (green) on the endothelial cells lining the intralobular and interlobular vessels (arrows). Original magnification, ×200. IF staining was done using monoclonal antibodies against human MAdCAM-1 and CCL25 (Novus Biologicals).Fig. 2

6.2. Whole-herd feedback {#sec0170}
------------------------

Immunization of pregnant sows is important in the control of epidemic PED and to reduce the number of deaths of suckling piglets ([@bib0285]; [@bib0385]). The most common practice used to initiate herd immunity in US pig farms during the 2013--2017 epidemic when no PEDV vaccines were available, was use of whole-herd feedback using a load-close-expose protocol (59/77 herds surveyed; 76.6 %), in which a controlled exposure for gilt acclimation (23/77 herds surveyed; 29.9 %) was included ([@bib0530]), whereas 19/77 herds surveyed (24.7 %) used vaccination. There is no standard feedback protocol for any type of pig production systems to have the most consistent and highest efficacy ([@bib0530]). Immunization of pregnant sows, or gilts expected to be bred (gilt acclimation), is undertaken by exposure to virulent autogenous virus, such as minced intestines from infected neonatal piglets negative for other infectious agents ([@bib0285]; [@bib0530]). Feedback stimulated lactogenic immunity *via* the gut-mammary-sIgA axis in sows ([@bib0575]), as well as prolonged, passive immune protection of piglets against PEDV infection ([@bib0205]). In our study, strong protective immunity (100 % survival rate of the piglets challenged with PC22A) was induced in gilts inoculated orally once with virulent non-S INDEL PEDV strain PC22A (10^5^ PFU/gilt) during mid-gestation (day 57--59) ([@bib0375]). Gilts exposed to the virus earlier (day 19--22) or later (day 96--97) in the gestation period showed less protective immunity, as evident by 87.2 % or 55.9 % survival rates of their piglets, respectively. Sows given feedback or orally inoculated with virulent PEDV during mid-gestation also discontinued fecal PEDV shedding prior to farrowing ([@bib0375]; [@bib0405]). Whether prolonged PEDV shedding post-exposure and during farrowing and lactation may cause infection of piglets, remains unclear. However, the most efficient and safest timing for feedback should be mid-gestation.

6.3. Vaccination as safer alternative to feedback {#sec0175}
-------------------------------------------------

Because of the frequent inefficiency or lack of safety, feedback should be replaced by oral immunization with high, consistent doses of live attenuated PEDV that is minimally replicative, but immunogenic in the intestine of pigs ([@bib0630]). Pregnant sows orally inoculated with live attenuated PEDV (DR13 strain) vaccine twice at 2 and 4 weeks pre-farrowing exhibited higher PEDV-specific IgA and VN antibody levels in the colostrum compared with the counterpart sows administered the same vaccine IM ([@bib0630]). Although the IM route has also been used as an administration option using live PEDV vaccine ([@bib0365]), to what extent PEDV-specific IgA memory B cells are induced in sows initially primed *via* an IM route with live PEDV vaccine, has not been confirmed. The efficacy of PEDV IM boost vaccination is dependent on induction of IgA memory B cells in initially field exposed or orally primed sows ([@bib0195]), similar to the success of TGEV oral prime/parenteral boost vaccine strategies ([@bib0575]). Live attenuated strains of PEDV have been isolated from the feces of pigs, suggesting that recombinant or mutated strains of PEDV might have emerged ([@bib0190]; [@bib0225]).

6.4. Maintenance and booster of herd immunity {#sec0180}
---------------------------------------------

For maintaining or boosting herd immunity initiated through feedback or oral live vaccines in farrowing herds, IM administration with either live PEDV ([@bib0590]) or inactivated, adjuvanted whole-virus PEDV vaccine ([@bib0195]) once or twice at 4−5 or 2 weeks pre-farrowing was effective in boosting lactogenic immunity in sows positive for PEDV-specific IgA memory B cells in GALT. Many vaccine candidates or products have been tested and developed in the US and worldwide. The details were reviewed previously ([@bib0120]; [@bib0190]). IM live vaccine booster plus feedback was more effective in reducing the number of deaths of suckling piglets, compared with either IM live vaccine alone or feedback alone ([@bib0590]). Prime and boost IM vaccination with inactivated PEDV provided incomplete protection of piglets against PEDV infection ([@bib0190]; [@bib0530]), because of poor lactogenic immunity induced in their vaccinated dams ([@bib0195]). Despite the safety issue, therefore, feedback alone, or prime and boost vaccination *via* oral and/or IM routes with live PEDV have been frequently used for maternal immunization against PEDV infection.

7. Conclusions {#sec0185}
==============

PEDV remains a threat to the swine industry in the US and worldwide because no effective vaccines are currently available. Regardless of the genogroup, PEDV can be deadly in pig populations with no immunity or low immunity or health status. The extent of PEDV transmission and PED on farms has a reverse relationship with the levels of biosecurity. High biosecurity to control PED should be practiced prior to seasonal or expected epidemics. Concurrently, pregnant sows are immunized by either feedback or vaccination. However, the current feedback or vaccination protocols are frequently inefficient or unsafe, due to: 1) no standardized protocol for feedback; 2) poor capacities of current IM vaccines (live or killed) to induce lactogenic immunity; 3) antigenic differences of vaccine *vs*. epidemic strains; and 4) possibility of continuous re-infection by PEDV used for feedback within herds. In addition, current live vaccines, which were generated by conventional cell culture-adaptation methods, may revert to virulent PEDV or recombine with field PEDV strains to generate new strains after they are applied in the field. Therefore, better vaccination protocols and vaccine strains (attenuated oral vaccines) are required for prevention and control of PED. PEDV-specific IgA memory B cells in orally primed sows play a critical role in boosting lactogenic immunity of sows and passive protection of piglets when piglets are exposed to PEDV during the suckling period. Feedback can be replaced by oral immunization with live attenuated PEDV vaccines that are minimally replicative, but immunogenic in the intestine of pregnant sows, thereby inducing PEDV-specific IgA memory B cells in the GALT or other mucosal and systemic lymphoid tissues and lactogenic immunity. Lastly, ideal live attenuated vaccines should not revert to virulent PEDV or recombine with field PEDV strains to generate new virulent PEDV strains, which remains an obstacle in vaccine development ([@bib0240]).
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[^1]: Note no mortality of PEDV-infected nursing, weaned, or feeder pigs reported in these studies.

[^2]: TCID~50~, 50 % tissue culture infectious dose; PFU, plaque forming unit; PID, post-inoculation day.

[^3]: NR, not reported.

[^4]: Pregnant gilts were inoculated with PEDV at the early (day 19--22), middle (day 57--59), or late (day 96--97) gestation periods.

[^5]: TCID~50~, 50 % tissue culture infectious dose; PFU, plaque forming unit; PID, post-inoculation day; GE, genome equivalents; VH:CD ratio, villous height to crypt depth ratio.

[^6]: NR, not reported.

[^7]: Among PEDV strains, only PEDV 8aa was grown in Vero cells treated with glycochenodeoxycholic acid (GCDCA) instead of trypsin.
